INSULIN RESISTANCE: LIPID EFFECTS-Ronald Krauss (Berkley, CA) discussed lipid effects of peroxisome proliferator-activated receptors (PPARs). PPARa activation reduces triglyceriderich lipoproteins as a consequence of combined intrahepatic actions increasing fatty acid oxidation, increasing apolipoprotein (apo)A-5, and decreasing apoC-3. The LDL phenotype B, defined by small dense LDL cholesterol with low peak particle size, may be considered a specific marker for atherogenic dyslipidemia or, as Krauss termed it, "a fingerprint for this dyslipidemic phenotype" with high triglyceride, low HDL cholesterol, and high levels of apoB for a given LDL cholesterol concentration. A study of lipoprotein particle size and concentration as assessed using nuclear magnetic resonance spectroscopy among 26,836 nondiabetic women in the Women's Health Study showed that LDL cholesterol was not associated with the pattern B phenotype and that both LDL particle concentration and size were strongly and independently associated with diabetes to nearly the same degree as the A1C level (1) . HDL size, HDL cholesterol, triglyceride, and VLDL size also displayed the association with the small dense LDL cholesterol phenotype, suggesting that all these measures reflect the interplay between fatty acids and lipid metabolism as they relate to insulin resistance.
PPARa activation decreases VLDL cholesterol, changes LDL cholesterol from smaller to larger size, and raises HDL cholesterol, while the lipoprotein effects of PPARd are less well understood. Both are reported to be activated by hydrolyzed VLDL lipids, although endogenous factors activating these receptors have not been well characterized. In an in vitro study in the absence of albumin, cellular fatty acid uptake determined PPARa activation but at fatty acid levels not achievable in plasma because of the effect of albumin binding (2) . One therefore needs then to look for sources of endogenous PPAR activation by fatty acid; Krauss suggested "that's where VLDL comes in." Local VLDL lipolysis may present high concentrations of fatty acid to tissues. Supporting this hypothesis, treatment with P-407, a fatty acid clearance inhibitor, reverses the activation of PPARa target genes occurring with fasting, implying that endogenous PPARa activation relies on VLDL triglyceride lipolysis. ApoC3, which inhibits lipoprotein lipase (LPL), can be seen as regulating access to lipoproteinderived PPARa ligands. Lipolysis of VLDLderived fatty acid then can be thought of as an important process for activation of PPARa both in the liver and in the periphery.
Use of the relatively specific pharmacologic PPARd activator MBX-8025 (Metabolex), in a phase 2 proof-of-concept study of obese individuals with elevated levels of triglyceride and LDL cholesterol and HDL cholesterol ,60 mg/dL, decreased triglyceride and fatty acid levels, and increased HDL cholesterol, with a fall in apoB and with reduction in insulin and in homeostasis model assessment of insulin resistance (HOMA-IR)-an effect beyond what one would expect from a typical PPARa agonist. With use of direct lipoprotein particle measurement by ion mobility, reduction in LDL cholesterol and increase in HDL cholesterol levels were seen independent of effects on HOMA-IR, with an increase in LDL cholesterol peak diameter, leading to an almost complete conversion of phenotype B to phenotype A associated with reduction in VLDL triglyceride (3) . Another PPARd agonist, GW501516, led to 20% reduction in liver fat, which correlated with change in triglyceride levels (4) . Krauss speculated that PPARd may complement the effect of PPARa, reducing peripheral delivery of fatty acid to the liver and perhaps increasing hepatic fatty acid oxidation as is seen with PPARa. "Time will tell," he commented, "whether agents such as this will pass muster for clinical efficacy and safety, as well as outcome."
INSULIN RESISTANCE:
HEPATIC EFFECTS-Marja-Ritta Taskinen (Helsinki, Finland) reviewed aspects of nonalcoholic fatty liver disease (NAFLD), touching on possible mechanisms of its linkage to cardiovascular disease (CVD) and on its association with inflammatory cytokines, fatty acids, hypercoagulation, and atherogenic dyslipidemia-all in the context of insulin resistance (5) . The atherogenic lipoprotein triad of large VLDL, small dense LDL cholesterol, and low HDL cholesterol is associated with NAFLD and with increased likelihood of CVD; this is likely the most important risk in individuals with LDL cholesterol at goal. How, she asked, does the liver contribute? There is imbalance between hepatic lipid import of fatty acid derived from adipose tissue, diet, and sugars; Taskinen pointed out that fructose particularly stimulates de novo lipogenesis (6) while decreasing fatty acid oxidation and VLDL assembly and secretion, leading to excess hepatic triglyceride accumulation.
Kinetic studies of the VLDLintermediate-density lipoprotein-LDL cholesterol cascade reveal a distinct pathway to small dense LDL cholesterol from the larger VLDL1 particles, whereas larger LDL particles are derived from VLDL2 particles (7) . In this study, comparing type 2 diabetic with nondiabetic individuals, both triglyceride and apoB-100 secretions were markedly increased and secretion of VLDL1 was increased without change in VLDL2 secretion. The VLDL1 triglyceride production rate was positively associated with triglyceride pool size and inversely related to LDL size and to the HDL cholesterol level, implying that in type 2 diabetes the liver produces an excess of VLDL1 particles of similar size and composition to those in nondiabetic individuals, with this overproduction linked to adverse LDL and HDL cholesterol changes. There is a strong direct relationship between VLDL1 triglyceride production and liver fat, which with plasma glucose determines VLDL1 triglyceride production in multivariate analysis (8) . Normally, insulin suppresses VLDL1 apoB production, but this does not occur in type 2 diabetes, perhaps in part explaining the accumulation of VLDL particles in insulin resistance. When individuals with low and high liver fat are compared, typical lipid profile differences are seen. VLDL1 triglyceride and apoB-100 production rates were elevated in those with higher liver fat who failed to show the degree of insulin-induced VLDL suppression seen in individuals with low liver fat (9) , suggesting dysregulation of the suppressive effects of insulin.
Taskinen discussed a study of obese hyper-versus normotriglyceridemic individuals, both with similar visceral fat but the former with higher liver fat, in association with elevated plasma triglyceride and apoB-100 and reduced HDL cholesterol and LDL peak size. VLDL1 triglyceride and apoB production rates were similarly increased in those with hypertriglyceridemia, and the two measures showed strong correlation. Liver fat content, then, correlates closely with VLDL1 triglyceride and apoB secretion rates and is its major driver. Taskinen observed that hepatic fat, although correlated with plasma triglyceride, only explains a portion of hypertriglyceridemia, with decreased triglyceride clearance being a crucial additional factor, suggesting that "dual mechanisms are required to produce hypertriglyceridemia in obesity."
Taskinen amplified Krauss's discussion of the critical role of apoC-3 in the metabolism of triglyceride-rich lipoproteins. It is synthesized by the liver and gut and circulates mainly on VLDL and HDL particles. ApoC-3 inhibits LPL, playing a critical role in triglyceride hydrolysis and hence in VLDL cholesterol clearance, with elevated apoC-3 common in insulin resistant states such as obesity and hypertriglyceridemia (10, 11) . There is strong negative correlation between apoC-3 and the VLDL cholesterol catabolic rate, whereas hepatic fat moderately correlates with apoC-3. Acute elevation of fatty acid levels increases the apoC-3 production rate in triglyceride-rich lipoproteins (12) and, when central obese men are compared with nonobese men, the former have increased VLDL apoC-3 and VLDL apoB production rates (13) .
The pattern, then, is one of dysfunctional adipocytes releasing excess fatty acid and cytokines, enhancing hepatic lipogenesis, and contributing to the imbalance between import and export of triglyceride. Hepatic fat is, independent of visceral fat, the driving force for VLDL cholesterol overproduction in this scenario, with hypertriglyceridemia caused by a dual metabolic defect of overproduction of large VLDL particles due to excess hepatic fat coupled with impaired clearance driven by increased apoC-3. Taskinen wondered whether apoC-3 measurement might be useful in determining cardiometabolic risk.
Sam Klein (St. Louis, MO) further discussed the relationship of liver fat to lipoprotein metabolism, underscoring the powerful effect of weight loss and comparing metabolically normal and abnormal forms of obesity. The major metabolic complications of obesityinsulin resistance, diabetes, dyslipidemia, and NAFLD-all are CVD risk factors. Obesity-related metabolic dysfunction involves fatty acid and adipokines released from both subcutaneous and visceral fat, which, if not oxidized or secreted as VLDL cholesterol, lead to increased hepatic fat. Klein reviewed studies suggesting that the notion of a particularly adverse effect of visceral fat "may not be so true." Not all obese individuals have metabolic abnormalities. In the National Health and Nutrition Examination Survey study, 30% of obese individuals were metabolically normal. Hepatic fat is, however, strongly associated with metabolic dysfunction, correlating with insulin resistance at the levels of liver, skeletal muscle, and adipose tissue (14) . When individuals with hypob-lipoproteinemia are compared with individuals with NAFLD, with similar intrahepatic triglyceride, the former have greater insulin sensitivity, implying that intrahepatic triglyceride may not itself be the mediator of insulin resistance (15) . Lean women have higher VLDL triglyceride production than men at rates similar to those of obese women, and at any BMI level women have more fat than men, but triglyceride levels remain normal because of higher clearance rates. The VLDL triglyceride secretion in NAFLD reflects triglyceride derived from peripheral fat stores and from de novo lipogenesis rather than from circulating fatty acid per se (16) . Klein pointed out the curvilinear relationship between intrahepatic fat and hepatic VLDL triglyceride secretion so that when liver fat exceeds 10% of liver mass there is no further increase in triglyceride secretion, leading to further hepatic triglyceride accumulation. In his studies of individuals with NAFLD, apoB secretion is not increased to as great an extent as VLDL triglyceride, leading to triglyceride enrichment of nascent VLDL particles. Indeed, transgenic mice overexpressing sterol regulatory element binding protein 1A have VLDL particles so large that they appear to have difficulty escaping the endoplasmic reticulum (17) .
Weight loss causes reduction in visceral fat and improvement in insulin sensitivity (18) (19) (20) . Although intrahepatic fat correlates with visceral fat, the two can be separated. When individuals are matched by visceral fat, those with higher liver fat stores exhibit hepatic insulin resistance, with decreased insulinmediated stimulation of glucose uptake. When matched for liver fat, however, individuals with different visceral fat levels appear metabolically similar (21) . VLDL triglyceride secretion is, then, determined by intrahepatic triglyceride rather than by visceral fat. In a study of type 2 diabetic individuals undergoing omentectomy, weight, HOMA-IR, A1C, and requirements for medications failed to change (22) , again suggesting that visceral fat "may not be such an important contributor." Fatty acid kinetics appear to differ between individuals with normal and high intrahepatic triglyceride, with adipocyte levels of the fatty acid transport protein CD36 decreased, but skeletal muscle and hepatic CD36 increased, among those with high liver fat. Obesity may then increase adipocyte fatty acid release while increasing fatty acid uptake by muscle and liver. Caloric restriction decreases intrahepatic triglyceride and improves hepatic insulin sensitivity (18) . More marked, but similar, effects are seen following bariatric surgery (23) .
Sonia Caprio (New Haven, CT) discussed the importance of hepatic fat in IR in obese adolescents and the potential roles of genetic polymorphisms in pediatric fatty liver (24) (25) (26) (27) (28) (33) (34) (35) . In Caprio's studies, those with the TT allele have high serum triglyceride and increased hepatic fat. The apoC-3 gene polymorphisms C-482T (rs2854116) and T-455C (rs2854117) have been reported to be associated with NAFLD (11), although Caprio has not confirmed effects on triglyceride or hepatic fat. Arun Sanyal (Richmond, VA) discussed current approaches to treatment of NAFLD. Modifiable risk factors are weight gain, insulin resistance, and diabetes, and nonmodifiable are age, race, genetic background, and baseline histology. The NAFLD activity score, which combines measures of steatosis, inflammation, and fibrosis, can give additional information as to candidates for treatment. Given the strong associations with diabetes and CVD, one could argue that all individuals with NAFLD and, particularly, all with nonalcoholic steatohepatitis (NASH) should be treated. If focus is on prevention of liver disease, however, one would treat patients with NASH having a high activity score, risk factors for progression, or increasing degrees of fibrosis. At present, Sanyal said, we do not have sufficient information to make recommendations on approaches to reducing hepatic cancer development. The goals of liver disease treatment are to reduce liverrelated mortality; induce disease regression; reverse steatohepatitis; improve the severity of steatosis, ballooning, inflammation, and fibrosis; and slow progression. The ideal treatment would be rational, easily available, highly effective, and safe. Sanyla reviewed the current hypothesis of pathogenesis, that IR leads to elevations in levels of fatty acids, insulin, and cytokines, with steatosis and metabolic dysregulation causing hepatic oxidative stress, mitochondrial injury, and what has been more recently recognized of endothelial reticulum damage and endoplasmic reticulum stress, leading to inflammatory signaling, apoptosis, and cell death, with subsequent stellate cell activation leading to fibrosis. Pilot studies have been promising with antioxidants and thiazolidinediones. In patients with NASH randomized to 800 units daily of vitamin E, 30 mg pioglitazone daily, or placebo, liver biopsy at baseline and after 96 weeks was performed to analyze the effect on NAFLD activity score, with particular attention to cytologic ballooning, a major marker of activity, and lack of worsening of fibrosis, as ballooning may resolve as the disease progresses to cirrhosis (36) . Blinded review of baseline and final biopsies at central location showed 18% of vitamin E, 17% of placebo, and 27% of pioglitazone cases were found not to have ballooning at baseline, a baseline inequality which led pioglitazone to appear to be less effective. Both agents improved steatosis, lobular inflammation, and the severity of ballooning and increased the proportion of subjects whose ballooning decreased, and both increased the proportion of patients with resolution of NASH. Pioglitazone was associated with somewhat lower rates of worsening of fibrosis, and both agents showed a trend to improved fibrosis score. Body weight was stable with placebo and vitamin E but showed progressive increase with pioglitazone, although only with this agent did HOMA-IR improve. Although there have been questions as to the safety of vitamin E, Sanyal suggested that this may reflect concomitant administration of high doses of zinc, which can deplete copper, increasing liver abnormality. In a study recently presented at the American Association for the Study of Liver Diseases meeting, metformin was compared with vitamin E and with placebo for NAFLD in 173 children, with metformin having no benefit. Although vitamin E improved resolution of steatohepatitis and ballooning, it did not improve the overall fibrosis score, and liver function improvement was not sustained after the first year. Intracellular oxidative stress depletes glutathione, activating g-glutamyl transphosphatase, which breaks down extracellular g-glutamylated amino acids. Vitamin E responders consistently showed reduction in these amino acids. Vitamin E decreases sterol regulatory element-binding protein-1c. Carnitine acyl transferase may be involved, as the vitamin E response is seen with high carnitine-to-acyl-carnitine ratios, suggesting linkage to the degree of mitochondrial dysfunction. Vitamin E also decreases sphingosine levels in responders and so appears to act both on oxidative stress and on glutathione turnover. It is interesting that vitamin E is also being studied for macular degeneration and for prostate cancer prevention, so we may see a resurgence of interest in this compound. Another important area to be explored will involve combinations of therapies.
INSULIN RESISTANCE: ADIPOCYTE EFFECTS-Sam
Cushman (Bethesda, MD) discussed multisizer Coulter counter analyses of adipocyte cell size in rosiglitazone-treated rats, showing an increase in the "peak" of small cells appearing to be adipocytes, with multiple measurements over a 134-day period appearing to show a 55-day cycle of small cells developing into larger cells with subsequent recruitment of additional small cells "which will then fill up." "The growth," he said, "is not simply one of small cells becoming larger cells." Thiazolidinedione treatment markedly increases the ratio of small cells to large cells, suggesting elimination of a physiologic feedback loop. Comparing C57Bl/6 (obesity-prone) with FVB/N (obesity-resistant) rat strains showed that on a high-fat diet there is ongoing recruitment of small cells, with evidence that change in adipose tissue mass ultimately involves apoptosis of large cells and recruitment of small cells to increase the capacity to absorb energy flux. In attempts to extend this to humans comparing 11 insulin resistant with 15 equally obese insulin-sensitive individuals, again smaller and larger cell populations were seen, with the small-to-large cell ratio higher in the insulin resistant group. Insulin resistant individuals may recruit relatively e142 DIABETES CARE, VOLUME 34, SEPTEMBER 2011 care.diabetesjournals.org dysfunctional small cells, which could then lead to lack of feedback inhibition of further recruitment of small adipocytes. Phillip Scherer (Dallas, TX) stated, "We've made the transition of adipose tissue from flubber to endocrine tissue." There are hundreds of cytokines produced by adipose tissue involved in energy homeostasis, including adiponectin and leptin, playing roles in inflammation and influencing liver, brain, the b-cell, reproductive tissues, muscle, and the vasculature and having effect on tumor cells. A crucial question is why b-cells fail in the setting of insulin resistance, which is related to the larger issue of ectopic lipid in liver, muscle, and b-cells, which in turn is related to failure to adequately expand subcutaneous adipose tissue for storage of nutrient excess (37) .
Adipocyte hypoxia may be an issue. The relative adipose tissue vascular density is reduced in ob/ob mice, with evidence of areas of ischemia. In a study with selective adipose tissue overexpression of vascular endothelial growth factor in an obesity model, glucose tolerance improved. Thus, adipose tissue expansion may engender hypoxia. Normally, hypoxia increases adipocyte hypoxia-inducible factor 1a expression, which should increase its vascular supply, but in obesity adipose tissue fibrosis occurs, causing necrosis and subsequent inflammation. Alternatively, enlarging adipocytes may inherently induce proinflammatory cytokine expression, causing inflammation. One role of macrophages is to phagocytose lipid from necrotic fat cells, causing foam celllike macrophage changes, one of the main mediators of insulin resistance, with agents that prevent macrophage infiltration improving insulin sensitivity. Adipocytes secrete chemokines and acute-phase reactants, such as a nonhepatic form of serum amyloid A3 (38) . Interestingly, fasting induces macrophage infiltration and increases adipose tissue vascular permeability in a physiologic and fully reversible fashion (39) .
Adiponectin levels may be seen as an integrated measure of adipose tissue health and what is termed "metabolic flexibility": the readiness to adapt to either feeding or fasting conditions (40) . Mice overexpressing adiponectin can gain more weight with less liver fat, display improved b3-adrenergic stimulation of insulin secretion, and have higher levels of adipogenic precursor cells. With high circulating fatty acid levels, they can be oxidized, can be stored as triglyceride, or can be used to increase ceramide synthesis (41) . Plasma ceramides are increased in obese type 2 diabetes (42), and insulin resistance is associated with increased intramyocellular lipid concomitant with elevations in ceramide (43) . Thus, ceramide may play an important role in the pathway from healthy to dysfunctional adipose tissue, the latter promoting macrophage activation with subsequent lipotoxicity effects in other tissues (44) .
Edgar Engleman (Stanford, CA) discussed the adaptive immune response in adipose tissue and its relationship to insulin resistance, noting that most but not all T cells that recognize self-antigens are removed during T-cell development in the thymus. Autoreactive CD4 and CD8 T cells are held in check by Tregulatory (Treg) cells and other regulatory mechanisms, while autoimmunity results when these mechanisms fail, with autoimmune disease occurring when autoreactive T cells or antibodies attack or destroy tissue. Type 1 diabetes is a classic autoimmune disease in this regard, and the autoimmune process can be prevented or aborted by immunotherapy. It is possible that type 2 diabetes has autoimmune aspects, with contribution by the inflammatory macrophages that accumulate in adipose tissue; proinflammatory T cells also infiltrate these tissues and may play an important pathogenic role in disease. Engleman discussed the possible role of T cells in control of body weight and glucose homeostasis. The T H 1 subset of CD4 1 T lymphocytes secretes interferon-g and tumor necrosis factor-a, promoting cellular immunity and inflammation, while T H 2 cells secrete interleukins-4, -5, and -13, promoting humoral immunity, Treg (Foxp3 1 ) cells secrete interleukin-10 and transforming growth factor-b, suppressing the immune response. With a high-fat diet, interferon-gsecreting T H 1 cell increase in rodent visceral and subcutaneous fat, with concomitant decrease in visceral fat T H 2 cells and a profound reduction in Tregs. Only certain T-cell receptors are present in visceral fat, which may react to a specific antigen or set of antigens. Rag-null mice lacking T cells gain more weight and show worse glucose tolerance and insulin resistance on a high-fat diet so that the net effect of T cells may not always promote worsening of glucose homeostasis. In this model, adoptive transfer of CD4 but not CD8 T cells normalizes weight gain (45) . Administration of anti-CD3 antibody led to recovery of Treg cells in visceral fat after 9 weeks, to normalization of glucose tolerance, and to change in macrophage types in adipose tissue from the proinflammatory M1 to anti-inflammatory M2 interleukin-secreting macrophages. Obesity predisposes to increased ratio of T H 1-to-Treg cells in human visceral adipose tissue. The role of T cells in obesity and type 2 diabetes has been particularly studied in rodent models, with Treg and T H 2 cells predominating in adipose tissue in lean mice, secreting interleukin-10 and preventing inflammation. In obese mice, there is a shift to CD8 1 and T H 1 cells, which proceeds influx of inflammatory macrophages and which appears to be involved in the regulation of weight gain. The T-cell response may be antigen driven, but the mediating antigen is not known. These T-cell-mediated effects are reversible during disease development in this model (45) .
Jorge Plutzky (Boston, MA) discussed the integration of energy balance with vascular biology, noting that in metabolism the notion of energy balance addresses the handling of fatty acids and glucose, with systems having evolved to address storage, combustion, and survival, driven by issues of increasing adiposity in the existing environment. Fatty acids pack energy considerably more tightly than glucose and glycogen, requiring minimal water for storage. Fatty acids are structurally diverse and are transported in a highly complex system. Prandial measures may be particularly strongly related to cardiovascular risk both for nonfasting triglyceride (46) and for glucose (47) . The PPAR-retinoid X receptor (RXR) complex "sits in the middle of this balance," Plutzky said, involved both in glucose and fatty acid metabolism and playing roles in obesity, inflammation, and atherosclerosis. Because the nuclear receptor is an obligate heterodimer with RXR, we should expand our study to assess the roles of retinoids in understanding the system (48) and it appears particularly noteworthy that PPAR-RXR ligands are nutrient derived. The interactions of different lipoproteins with different lipases, of VLDL with LPL, and of HDL with endothelial lipase (EL), suggest a high degree of selectivity and specificity. The combination of LPL with VLDL particularly activates PPARa, with lesser effect on PPARd and still less on PPARg. Another aspect of this system pertains to EL, identified in 1999, acting to a greater extent on phospholipid than on triglyceride, with particular effect on care.diabetesjournals.org DIABETES CARE, VOLUME 34, SEPTEMBER 2011 e143 HDL cholesterol (49) . HDL cholesterol can inhibit adhesion molecules, and the association of HDL cholesterol with EL appears to lead to release of activator(s) of PPARa, which may initiate this process (50) . EL loss-of-function variants are associated with high HDL cholesterol but fail to offer protection against CVD (51)-a caveat in the development of HDL cholesterolincreasing drugs, which may, like torcetratib, have adverse effect rather than benefit. The role of RXR is often overlooked. Its ligand is derived from ingestion of b-carotene or retinyl esters through the action of alcohol dehydrogenase, leading to formation of retinaldehyde, a precursor for retinoic acid, which in turn is metabolized to 9-cis retinoic acid. Although this is a ligand for RXR, it is not clear that it plays a physiologic role. Retinoic acid also forms all-trans retinoic acid, a ligand for the retinoic acid receptor, which heterodimerizes with RXR, with the retinoic acid receptor-RXR heterodimer inhibiting RXR-PPAR. Mice not expressing retinaldehyte dehydrogenase 1 fail to generate retinoic acid, with reduction in dietinduced obesity by increasing body temperature and otherwise increasing energy dissipation, and also show defects in gluconeogenesis, with compensatory increase in fatty acid oxidation (52) . Retinaldehyde may, then, be an important mediator of glucose metabolism.
